The purpose of this study is to validate and improve satellite-derived downward surface shortwave radiation (DSSR) over the northwestern Pacific Ocean using abundant in situ data. The DSSR derivation model used here assumes that the reduction of solar radiation by clouds is proportional to the product of satellite-measured albedo and a cloud attenuation coefficient. DSSR is calculated from Geostationary Meteorological Satellite-5/Visible Infrared Spin-Scan Radiometer data in 0.05° × × × × × 0.05° grids.
The authors first compare the satellite DSSR derived with a cloud attenuation coefficient table determined in past research with in situ values. Although the hourly satellite DSSR agrees well with land in situ values in Japan, it has a bias of +13~+34 W/m 2 over the ocean and the bias is especially large in the low latitudes. The authors then improve the coefficient table using the ocean in situ data. Usage of the new table successfully reduces the bias of the satellite DSSR over the ocean. The cloud attenuation coefficient for low-albedo cases over the ocean needs to be larger in the low latitudes than past research has indicated. Daily and hourly DSSR can be evaluated from the satellite data with RMS errors of 11-14% and 30-33%, respectively, over a wide region of the ocean by this model. It is also shown that the cloud attenuation coefficient over land needs to be smaller than over the ocean because the effect of the radiation reflected by the land surface cannot be ignored. Tarpley, 1979; Gautier et al., 1980; Kizu, 1995; Gautier and Landsfeld, 1997) . According to the review by Pinker et al. (1995) , monthly mean DSSR can be obtained from satellite data with an error less than 20 W/m 2 for areas of an average climate model grid size. Gautier et al. (1980 ), Pinker et al. (1994 and Gautier and Landsfeld (1997) showed that daily mean DSSRs derived from Geostationary Operational Environmental Satellite/Visible Infrared Spin-Scan Radiometer (GOES/VISSR) data were within 10% of in situ values over land. It was also shown that the root-mean-square (RMS) errors of those over the oceans were about 9-34 W/m 2 , which was about 10% or less of the mean values on daily time scales (e.g., Frouin et al., 1988; Gautier, 1988; Bates and Gautier, 1989) .
Kizu (1995) compared DSSR derived from Geostationary Meteorological Satellite (GMS)-3/VISSR data binned in 0.25° × 0.25° grids with in situ values obtained at more than 100 land sites covering eastern Asia, Australia and New Zealand. The DSSR derivation model he used assumed that the reduction (reflection and absorption) of solar radiation by clouds was proportional to
Introduction
Solar radiation is the source of energy driving the earth's ocean-atmosphere system. It controls the land, ocean and air temperatures, and is essential for the photosynthesis of plants and phytoplankton. Accurate solar radiation information is very important for meteorology and oceanography, as well as for agricultural and social applications and fisheries.
The incident solar radiation is reduced before reaching the earth's surface due to scattering and absorption by clouds, aerosols and gases. Geostationary satellites are very useful for obtaining surface solar radiation at high spatial and temporal resolution over wide regions of the globe. Several researchers have proposed methods to derive the downward surface shortwave radiation (DSSR) using satellite visible and infrared observations (e.g., the product of satellite-measured albedo and a cloud attenuation coefficient. His study used a constant coefficient of 1.2, which means that the solar radiation absorbed by clouds increases linearly with satellite-measured albedo. His comparison showed that the RMS errors of the monthly and daily mean DSSR were about 10% and 20%, respectively. The hourly DSSR in Japan was about 32%; the model overestimated the hourly value by about 30 W/m 2 . Tanahashi et al. (2001) improved the cloud attenuation coefficient in the Kizu model using land in situ DSSR data. Kawamura et al. (1998) Kawamura et al., 1998) . Using in situ values from a research vessel, the RMS errors of the satellite daily and hourly DSSR were found to be 8% and 17%, respectively. However, only a limited area of 10° × 10° in the wide GMS coverage of 120° × 120° was investigated in their study.
Only few studies have examined the accuracy of satellite-derived DSSR using in situ values over the oceans. There has been insufficient evaluation of satellite DSSR in the western Pacific Ocean. The western Pacific warmpool region has the warmest known sea surface temperature, and it is a very significant region for the general circulation of the atmosphere (Webster and Lukas, 1992) . Hence, the energy budget of the ocean is especially important in this region, and an uncertainty of less than 10 W/m 2 is required in the total heat balance (Fairall et al., 1996) . Some studies have shown that the diurnal sea surface warming, which is primarily controlled by wind speed and solar radiation, becomes large in the tropical western Pacific and the seas around Japan in summer (Kawai and Kawamura, 2002; Stuart-Menteth et al., 2003) . High-quality satellite DSSR data are indispensable to investigate the heat balance and the diurnal variability in the western Pacific Ocean. This study aims to validate satellite DSSR derived from GMS-5/VISSR data over the northwestern Pacific Ocean using in situ data from the tropics to the mid latitudes, and to improve the 
